ABSTRACT A quantitative trait locus on chromosome 9 was previously shown to be associated with ascites in multiple experimental and commercial populations. A study to evaluate the association of the QTL, based on variable number tandem repeat genotypes, with economically important traits was carried out on a commercial male elite line. Results indicated the highest fat and the lowest fillet mean were associated with the most resistant ascites genotype. All other traits measured for this genotype showed no trend towards positive or negatively impacting production values. The results suggest that a balanced approach could be undertaken in commercial broiler breeding operations to reduce ascites susceptibility in broiler populations without compromising overall genetic progress for traits of economic importance.
INTRODUCTION
The current average broiler market weight of 2.75 kg is reached around 6 wk posthatch. Improvements in the reduction in time to market weight has been primarily attributed to genetic selection involved in pedigree elite lines (Havenstein, 2003) . Poultry breeders work by decreasing generation intervals, maximizing selection intensity, and utilizing highly heritable traits (Anthony, 1998) . To expect a long-term successful breeding program, a balance needs to be struck between economic significance and bird well-being (Katanbaf and Hardiman, 2010) . The resource shift from health towards growth has resulted in physiological complications like ascites. Ascites can have a major impact on production efficiency as it results in a late-stage mortality or morbidity. A genetic component contributing to ascites has been shown by several research teams (Lubritz and McPherson, 1994; French, 1999, 2000; Anthony et al., 2001; Pakdel et al., 2002 Pakdel et al., , 2005 Pavlidis et al., 2007) . The moderate to high heritability estimates of 0.3 to 0.4 previously reported (Lubritz et al., 1995; Pavlidis et al., 2007) have been utilized to divergently select broiler research lines for ascites susceptibility (SUS) and resistance (RES) (Pavlidis et al., 2007 thy et al., 2014) . Two linked microsatellite (MS) markers within this QTL region showed disproportionate genotype and allele frequencies between the SUS and RES lines. The same MS markers were associated with ascites phenotype in 3 commercial pedigree elite populations. Before recommendations for incorporating this QTL into modern multi-trait selection programs are made, estimations of the QTL impact on traits of economic importance is warranted.
Studies regarding the correlation between ascites resistance and traits of economic importance have yielded contrasting results. Druyan et al. (2008) reported an 84.4% difference in ascites incidence between 2 lines divergently selected for ascites using a cold stress model; however, the growth rate between the lines differed by only 5%, which indicates little genetic correlation. Contrastingly, our group has shown that long-term divergent selection for ascites incidence results in d 42 RES-line birds being approximately 163 g lighter than SUS-line birds (Pavlidis et al., 2007) . In addition, pectoralis weights for males measured at d 42 were greater for SUS-than RES-line males (Pavlidis, 2003) . However, feed conversion (FCR) was better for the RES compared to the SUS line (Pavlidis, 2003) . With current emphasis on rapid growth, lowered FCR and higher deboned yield, it seems unlikely that the competitive poultry breeding companies will invest to produce an ascites-resistant broiler at the cost of economically important traits (Balog, 2003) . Therefore, the objective 3039 of was to elucidate the quantitative effects of selection on economically important traits using genotypes significantly associated with resistance to ascites. Based on findings from lines selected for ascites susceptibility (Pavlidis et al., 2007) , we hypothesized that genotypes associated with resistance to ascites would be negatively correlated with traits of economic importance.
MATERIALS AND METHODS

Genetic Stock and Husbandry
Birds used for this study were from a commercial elite line A. Line A is a male line selected primarily for growth related traits. A 6-wk trial was conducted to evaluate potential correlations between resistant genotypes and a variety of economic traits. At hatch all chicks (n = 632) were wing banded and vaccinated against Marek's disease. They were then randomly assigned to litter floor pens and maintained under typical broiler breeder management conditions throughout the trial period. All birds were provided ad libitum access to water and a commercial starter feed meeting NRC requirements for the first 3 wk and commercial grower from wk 4 onwards. Photoperiod consisted of 24 h of light for the first 3 d and then 23 h of light and 1 h of dark for the remainder. All animal procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee under protocol 15040.
Production Data Collection
Body weight was obtained for all the birds on d 35. After the weights were captured, 400 birds from each sex were moved to feed conversion stations where the FCR was determined. Individual FCR was monitored from d 35 to d 42 and expressed as a ratio of body weight gained to feed consumed. Feed was withdrawn the night before processing (d 42). Water was provided ad libitum even during the feed withdrawal period. On the day of processing (d 43) the birds were placed in coops and moved to the University of Arkansas processing plant where live dock weight was recorded. The birds were then processed under typical commercial conditions. Evisceration was done by hand in order to obtain abdominal fat and without giblets (WOG) weights. Carcasses were subsequently deboned and individual part weights for pectoralis major, pectoralis minor, wings, drums and thighs were obtained. Relative percentage of processing parameters and organ variables were expressed as a percentage of live dock weight.
Molecular Data Collection
Blood samples (10 μL) were collected using vein puncture from all birds at d 21. DNA was isolated from blood samples using a rapid method (Bailes et al., 2007) .
Microsatellite Primers
PCR primers were designed to amplify 2 VNTRs from the region on chromosome 9. PHS009 is a GA repeat at 11,811,967 bp amplified with forward 5 -GGGGCTATCACATCTACTTT-3 and reverse 5 -AGTTCAGAACCAGGAGAAGA-3 . PHS010 is a AC repeat at 11,929,898 bp amplified with forward 5 -ACAGAATTAGGGTGGGTTTTT-3 and reverse 5 -GCGGTGTGCCTGCTTTCT-3 . Primers were synthesized (MWG Operon Inc.) with PHS009 forward primer labeled with VIC and PHS010 forward primer labeled with 6-FAM.
Polymerase Chain Reaction
PCR was performed in 96-well plates using either an MJ Research PTC-100 (Company) or an Eppendorf Mastercycler Gradient (Company). Reactions (20 μL) contained 1 × Taq buffer (50 mM Tris-Cl pH 8.3, 1 mM MgCl 2 , 30 μg/mL BSA), 0.2 mM dNTPs, 0.4 μM each forward and reverse primers, 2.5 units Taq polymerase, and 2 μL of DNA (approx. 50-100 ng). PCR conditions were an initial denaturation at 90
• C for 30 s, followed by 44 cycles of 90
• C for 15 s, 52
• C for 25 s, and 72
• C for 60 s, followed by a final 72
• C for 3 min.
Genotyping
PCR products were genotyped using capillary electrophoresis, on an ABI 3730 DNA Analyzer at University of Missouri-Colombia DNA lab. An internal ladder (600 Liz) was incorporated with each sample for accurate peak size determination. Allele calls were made using Gene Marker software (Soft genetics LLC, PA).
Statistical Analysis
Absolute weight data were log-transformed and relative weights were arcsine square root transformed prior to being subjected to a comparison of means using a Tukey-Kramer HSD test, using the JMP Pro 11.0.0 software (SAS Institute Inc., Cary, NC). The model included the fixed effects of genotype, source, and sex. No random effects were used. Means were declared to be different at P < 0.05.
RESULTS AND DISCUSSION
Previously, we had reported that there were 3 alleles (A, B, C) for PHS009 and 4 alleles (A, B, D, E) for PHS010 in an analysis of 192 samples from commercial line A (Krishnamoorthy et al., 2014) . We reported statistical association of the B alleles and the BB genotype for both PHS009 and PHS010 with ascites resistance. 1 Average means ± SE in grams; 2 for PHS009 on chromosome9; 3 Percentage mortality based on previous hypobaric chamber ascites trials for the same line from Krishnamoorthy et al., 2014;  4 ((WOG)/Dock weight); 5 ((Abdominal fat + gizzard fat)/Dock weight) * 100; 6 ((Pectoralis major + pectoralis minor)/Dock weight) * 100; 7 ((Thigh + leg)/Dock weight) * 100. a,b Means within the same row with superscripts that differ are significantly different (P < 0.05).
Genotypes for PHS009 and PHS010 were determined along with the indicated production traits for 800 birds. Of the 800 birds genotyped for the current study, 632 birds, representing the most frequent PHS009 and PHS010 genotypes, were evaluated further. We found no statistical association of any production trait with any specific genotype for PHS010 (data not shown). Evaluation of PHS009 genotypes showed no statistical association for FCR or absolute weights for BW35, BW42, WOG, fat, total breast, thigh, drum or total leg in Line A (Table 1) . There were statistical associations with respect to genotypes for PHS009 with absolute weight for fillet, and tender (Table 1) . Additionally, significant variation in fillet and tender weights, as well as in percentage WOG was demonstrated.
Not all of WOG weight is sellable meat; however, it serves as a good estimate of a bird's usable meat. Processed birds did not differ significantly for WOG weights between genotypes for PHS009, although ranking trends are relatively consistent with the results calculated for BW 35 (Table 1) . It has been shown over the years that selection for improved feed conversion has indirectly reduced fat yield (Hardiman, personal communication). PHS009 CC genotypes exhibit 0% ascites incidence. The PHS009 CC genotype is ranked as the lowest mean for fillet (P = 0.0339) and percentage WOG (P = 0.0277). AB and BB had the highest fillet mean at 527 g and 529 g, respectively. This was 40 g and 42 g higher than the lowest mean weight of CC genotype fillet. Individuals with the CC genotype have lower means when compared to the rest of the genotypes for fillet, but not for tender weight. Fillet (pectoralis major) and tender (pectoralis minor) weights were measured individually and added together to estimate total breast. As shown in Table 2 , the variation in fillet weight approaches significance among the genotypes when considering percent breast (0.1198).
The CC genotype's total breast and fat absolute weight values approach significance, representing the lowest (P = 0.0539), and highest (P = 0.0586), ranked values respectively. PHS009 genotype CC has the lowest percent leg by 0.24, though this genotype is represented by only 21 (3%) of the processed individuals. A combination of low muscle and high fat contributes to the low commercial value of CC genotypes in this population. For this reason, it is present in a low frequency (∼ 5%) in this population despite exhibiting 0% ascites incidence.
Yield, with respect to the poultry industry, is the proportion of the live bird than can be used as salable product as a result of processing. In the United States, breast meat is the most valuable product (Pollock, 1999) . Thus, most poultry companies have a high emphasis on absolute and relative breast yield. The selected birds are therefore designed to reallocate greater portions of their energy for breast mass accumulation. With this comes increased oxygen demand, which, when not met, triggers a cascade of events that can lead to ascites. Accumulation of specific genotypes and reduction of others, in a population could not only reduce overall ascites incidence, but also lead to an increase in production yields. Using the data presented here, reduction in the 2 PHS010 genotypes with the highest ascites incidence, AA at 50% and DD at 78%, did not positively or negatively affect production data, but would lead to reducing overall ascites incidence in a flock. Decreasing the frequency of PHS009 BC genotype, one of the genotypes most highly associated with ascites incidence, would lead to no significant changes in production values for economically important traits like breast, fillet, tender, or leg weights. Minimizing the prevalence of ascites in a broiler program generates economic gain by cutting down on the number of individuals for whom resources are allocated, but who die before processing, or condemning the carcass at time of processing. Haplotype data of PHS009 and PHS010 were analyzed, but no correlation was found either positively or negatively affecting processing data.
Marker assisted selection (MAS), is currently being used in breeding programs with the goal of increasing the frequency of beneficial alleles loci, while removing unfavorable ones (Siegel et al., 2006) . Selection against negative genotypes can be done in tandem with traditional selection in order to manage the apparent losses due to detrimental correlations of markers with traits of economic importance. In modern multi-trait breeding programs it is possible to simulate the expected genetic progress for each of the traits evaluated. This method allows breeders to closely monitor the direction of genetic progress for each trait and select individuals with superior genetic merit. Theoretically, a relevant QTL established from the practice could be used in MAS by accumulating alleles for ascites resistance in the population with simultaneous evaluation for negative correlations.
